The levels and subcellular distribution of the interferon-inducible double-stranded RNA-dependent protein kinase PKR have been measured in human Daudi cells and stably transfected mouse NIH 3T3 cells expressing the human protein kinase. Immunofluorescence of intact cells and quantitative immunoblotting of cell extracts indicate that PKR occurs in both the cytoplasm and the cell nucleus, with staining specifically in the nucleolus. The ratio of cytoplasmic to nuclear PKR is approximately 5: 1 in control cells; in response to interferon treatment the protein kinase is induced severalfold in the cytoplasm whereas the level in the nucleus does not increase significantly. Analysis of individual transfected cells by confocal microscopy reveals a pattern of distribution of PKR similar to that in Daudi cells, with immunostaining of cytoplasm and nucleoli. Similar results are observed whether cells expressing wild-type PKR or a catalytically inactive mutant form of the kinase are analyzed, but untransfected 3T3 cells are not stained by the antibody used. Two-dimensional isoelectric focusing analysis of PKR in whole cell extracts reveals the presence of multiple forms with different pI values whereas similar analysis of the nuclear fraction indicates only one predominant species with a relatively basic pI, These results suggest that PKR may have a role in the cell nucleus as well as the cytoplasm and that the subcellular distribution of the protein kinase may be related to post-translational modifications.
INTRODUCTION
The interferon (IFN)-inducible protein kinase PKR (formerly known as DAI, p68, PI, dsI, or PK d .) has been the subject of intensive study in recent years because of its likely involvement in the antiviral and antiprolifera-J 1'0 whom corre5pondence and reprint requests should be addressed. Fax: 44-1817252992. 17 tive effects of the IFNs [1] [2] [3] . PKR is critically dependent on low concentrations of double-stranded RNA (dsRNA) for its activation, a process which is accompanied by autophosphorylation of the enzyme at multiple sites [4, 5] -When activated, PKR phosphorylates the a-subunit of the eukaryotic protein synthesis initiation factor eIF-2 [6, 7J. Phosphorylation of eIF-2a contributes to the development of an antiviral state by inhibiting the activity of the guanine nucleotide exchange factor eIF-2B, thus impairing the overall rate of protein synthesis in infected cells [8, 9J .
The importance of PKR in the antiviral effects of the IFNs is indicated by the fact that a number of viruses have evolved mechanisms for blocking the activation of PKR [10, 11] . Examples of the strategies used are the production of large quantities of small virally encoded RNA species that bind to the protein kinase and inhibit the dsRNA-mediated activation process [10, 12] , the synthesis of viral proteins that sequester dsRNA activators [13] [14] [15] , and the virus-induced downregulation of PKR [16] .
A potential role for PKR in cell growth regulation has also been suggested by the observation that overexpression ofthe human enzyme inhibits cell proliferation [17] . Furthermore, high-level expression of catalytically inactive mutant forms of the kinase in 3T3 cells converts the cells to a tumorigenic phenotype [IB, 19] . These findings have given rise to the idea that PKR may be a tumor suppressor gene product and that the PKR mutants exert a dominant negative effect on the activity of the wild-type enzyme [20] . Such an inhibitory effect of a PKR mutant has been demonstrated in vitro, and evidence has been presented that the basis of this effect is competition between the mutant and wild-type proteins for binding of dsRNA [21] . Double-stranded RNA also regulates a number of other pathways in mammalian cells. It binds to and is required for the activation of the 2',5'-oligoadenylate synthetase family of IFN-inducible enzymes [1, 22J and it is an inducer of the transcription of several genes, in- [25] .
Identification of the precise location of PKR within the cell may provide some clues to its role as a regulator of the antiviral state, as well as of cell proliferation and other processes. Earlier studies have shown that PKR is a cytoplasmic enzyme [26, 27) and that it is associated with the rough endoplasmic reticulum [27] . This is consistent with its identification as a ribosome-bound protein that can be washed off in high-salt buffers [28] . With the advent of immunofluorescence microscopy techniques using confocal laser scanning technology it has become possible to define the subcellular localization of this protein more precisely. In this paper we present evidence for the presence of human PKR additiona lly in the nucleus and nucleolus in a human cell line and in transfected mouse cells expressing the human protein. Induction of the protein kinase by IFN treatment results in an increase in the level of cytoplasmic PKR, almost all of which is associated with the ribosomes, whereas the amount of PKR in the nucleus does not increase significantly. The distribution of PKR between nucleus and cytoplasm correlates with differences in the extent of post-translational modification of the protein.
MATERIALS AND METHODS

Materials.
Highly purified human IFN" (1 -2 X 10' International Reference Units/mg protein) was generously supplied by Wellcome Lahoratories (Beckenham, UK) and Hotfman·LaRoche (Basel, Swit· zerland). A monoclonal a ntibody specific for human PKR (MAb 71/ 10) and murine polyclonal antibodies raised against purified human PKR were used as descrihed previously [29, 30] . ,.51-labeled goat antimOuse immunoglobulins, peroxidase-coupled sheep anti-mouse immunoglobulins, and ['2SI]streptavidin were supplied by Amersham International.
Cell culture. Human Daudi cells and mouse NIH-31'3 cells transfected wit.h plasm ids expressing wild-type or mutant forms of hu· man PKR were cultured as described previously [1 9,22,31,32] . Where indicated, Daudi cells were lreated with IFN", for up to 24 h prior to harvest ..
Microscopic analysis of celL.. Cells were fixed as described previously [27] and stained with the monoclonal anti-PKR antibody followed by a species-specific anti-mouse immunoglobulin labeled with the Ituorochrome Cy3 (Dianova, Hamburg, Germany). Analysis was carried out by confocal laser scanning microscopy using a Zeiss LSM ]0 microscope with a Plan-Neofluar 40X/1.3 oil objective as described [27] . For analysis of single cell. the cells were automatically cut into horizontal sections at intervals of 0.75-1 pm and evaluation of the stored stacks of horizontal optical sections was performed with the LSM 10 image-processing unit.
Gel/lysis and subcellular fractionation. For t.he preparation of total cell extracts Daudi cells were washed in phosphate-buffered saline (PBS) and then lysed in buffer containing 20 mM 1'ris-HCl (pH 7.6), 50 mM KC1 , 400 mM NnCl, 5 mM 2-mercaptoethanol, 1 % (v/v) Triton X-loo, 1 mM EDTA. 0.2 mM PMSF, 100 units/ml aprotinin, and 20% (v/v) glycerol, as previously described [22] . For subcellular fractionation a procedure similar to that described previously [22J was employed. Daudi cells were washed in PBS and then lysed in hypotonic buffer (10 mM Tris-HCl, pH 7.6, 10 mM KC1, I mM EDTA, 7 mM 2-mercaptoet.hanol, 0.2 mM PMSF, 5 pg/ml leupeptin, 5 Itg/ml p· epslalin, and 1 mM benzamidine). The concentration of KCI was then increased to 75 mM and the celllysates were centrifuged at 500g for 10 min to give a nuclear pellet (N) . The ~upernatant was clarified by centrifugation at 2000g lor 10 min and a mitochondrial pe llet (P12) was ohtained by further centrifugation at 12,OOOg for 20 min. Tbe supernatant was subsequently fractionated into a ribosomal pellet (PlOO) and postribosomal supernatant (S100) at 1oo,OOOg for 1h. The nuclear pellet was resuspended in 1 ml of the above low-salt buffer containing 5 mM MgCl2 , anclTriton X-100 was added to 0.5% (v/v) . After 2 min the detergent-treated nuclei were washed twice by centrifugation (200g. for 10 min) and resuspension in 10 mM Hepes (pH 7.4). 50 mM KC1, 1 mM MgCl" 7 mM 2-mercaptoethanol. 20% (v/v) glycerol and then lysed in 400 III of 20 mM Tris (pH 7.6), 50 mM Kel, 400 mM NaCl, 1 % (v/v) Triton X-IOO. 20% (v/v) glycerol in the presence of PMSF. leupelltin, pepstatin, and benzamidine as above . After :~() min on ice the nuclear lysate was centrifuged at lO,Ooog for 10 min and the supernatant retained for furtber analysis.
:3T3 ce lls were scraped from the plates, lysed , and fractionated by procedures simi lar to those used for Daudi cells.
lmmunoblotting. PKR levels in total cell extracts and suhce llular fractions were determined by SDS-gel electrophoresis followed by immunoblotting. or by dot-blotting, using antibodies against human PKR as described previously [29, 30) . Blots were incuhated with either murine polyclonal antibodies raised against purified, urea -denatured PKR or the murine monoclonal anlibody 71/10 [29.30 ), followed by ""I-labeled goat anti-mouse immunoglobulins, peroxidase-coupled sheep anti-mouse immunoglobulins, or biot.inylated goat a nti-mouse IgG and ['2"I]streptavidin. PKR levels were determined by autoradiography. by diaminohenzidine/peroxide staining of the im munoblots, or hy direct measurement of bound radioactivity on dot-blots, as appropriate.ln the latter case the blots were also calibrated with a series of standards prepared from purified recombinant baculovirus-synthesized PKR [3a] .
lsoelectric focusing analysis. Total cell and nuclear extracts from Daudi cells were separated by two-dimensional gel electrophoresis employing isoeleclric focusing in the first dimension followed by separation according to size in the presence of SDS in the second dimension [22] . 'rhe pH gradient in the first dimension was between pH 5 and 9. The proteins were then subjected to analysis by immunoblotting using murine polyclonal antibodies against human PKR, followed by autoradiography, as above.
RESULTS
The pattern of PKR expression in Daudi Burkitt's lymphoma cells before and after IFN treatment has been analyzed by immunofluorescence microscopy using a monoclonal antibody specific for human PKR. Daudi cells are particularly sensitive to growth regulation by IFNa/f3 [31, 34] and have been previously shown to respond to IFN with a substantial induction of PKR [2, 30) . Figure la shows that in exponentially growing control cells there is some basal PKR expression before IFN treatment. The pattern of immunofluorescence indicates a marked heterogeneity in expression of the protein within the cell population. In contrast, following exposure to IFNa for 1 day, not only is PKR immunofluorescence strongly enhanced but the cells exhibit a much more homogeneous staining pattern for the protein kinase. There is abundant staining in the rim of cytoplasm surrounding the large nucleus ( distribution is similar to that previously reported for another Burkitt's lymphoma cell line, Raji [27) . Close examination of a large number of IFN-treated cells showing strong PKR expression revealed that, in addition to the cytoplasmic staining for PKR, some cells showed staining in their nuclei (Figs. 2a and 2c). In cells in which nucleoli were visible staining was particularly prominent in these regions of the nucleus (Figs. 2c and 2e). Similar results were also seen with Raji cells (data not shown).
The nature and amount of the antibody-reactive material in Daudi cell nuclei were investigated by subcellular fractionation and immunoblotting of the fractions with the anti-PKR monoclonal antibody (Fig. 3) . As previously observed (29) , the only protein detected on the blots by this antibody was the 68-kDa PKR (a small amount of a PKR breakdown product was detected in the nuclear fraction) (Fig. 3A) . Quantitation of the distribution of PKR among nuclei, 12,000g pellet, 100,000g pellet (ribosomal), and postribosomal supernatant fractions in both control and IFN -treated cells was performed by a dot-blot procedure using a biotinylated second antibody and (' 2f>I ]streptavidin . Purified recombinant PKR was used as a standard (Figs. 3B and 3C) . Determination of the bound radioactivity in a series of doubling dilutions of the cell fractions, in comparison with the recombinant PKR standard, indicated that in control Daudi cells in exponential growth the minimum level of PKR in the ribosomal and nuclear fractions (not allowing for losses during fractionation) was approximately 560 and 110 ng per 7 cells), but there was essentially no increase in the amount of PKR associated with the nuclei (Fig. 3C) . Thus under these conditions the cytoplasmic to nuclear ratio increased to around 17: Although the immunoblotting data suggested the absence of cross-reaction with other proteins in the nuclei of Daudi cells, it was possible that there was staining of additional protein(s) that could not be identified on a Western blot. Furthermore, immunological detection of PKR in the nucleus gives no indication of whether the protein kinase activity of PKR is necessary for its localization to this compartment. These questions were approached by using mouse NIH 3T3 cell lines stably expressing either wild-type or catalytically inactive mutant forms of human PKR [19, 32] . The monoclonal anti-human PKR antibody does not recognize mouse PKR [29) and therefore did not stain 3T3 cells transfected with a plasmid encoding a neomycin-resistance gene alone (Fig. 41) . In contrast, cells expressing the wild-type human PKR (clone 68.11 (32] ) were strongly stained with the antibody. Analysis of single cells by confocal laser scanning microscopy again indicated nuclear as well as cytoplasmic staining, with strong fluorescence of nucleoli (Fig. 4II) . A similar pattern of nuclear and cytoplasmic staining, with strong nucleolar fluorescence, was see n in clone 12.3 cells expressing the mutant form of PKR (Fig. 5) . The mutant expressed in these cells contains a s ingle am ino acid change (Lys to Arg at position 296) w. hich eliminates all protein kinase ac- tivity but does not affect the ability of the protein to bind dsRNA [33] . These results therefore indicate that the nuclear staining observed with the monoclonal anti-human PKR is indeed due to the presence of PKR and suggest that catalytic activity of the pro· tein kinase is not required for the nuclear localization .
Biochemical evidence for the presence of PKR in the nuclei of transfected 3T3 cells was also sought. Using anti·PKR murine polyclonal antibodies, immunoblotting analysis of subcellular fractions of transfected cell clones expressing the wild -type or mutant protein kinase confirmed that a proportion of the PKR was associated with the nucleus in both cases (Fig. 6 ) . Cells transfected with the neo vector alone did not show any immunoreactive band at 68 kDa.
We have examined the possibility that, although it has the same apparent molecular weight as cytoplasmic PKR, the nuclear form of PKR may be structura lly distinct. For example, specific post-translational modifications may distinguish the forms of the enzyme in these two compartments. It is known that when it is activated by dsRNA PKR undergoes autophosphorylation at multiple sites, a modification which is necessary for its subsequent ability to phosphorylate eIF-2cx [4, 5) . The presence of covalently modified forms of PKR with different overall charges was investigat~d by two-dimensional isoelectric focusing analysis of whole cell extracts, followed by Western blotting with the polyclonal antihuman PKR antibodies. In confirmation of previous data [36J the results show that total cell PKR consists of several species with different isoelectric points in the range of pH 7 to 8 (Fig. 7) . It has been shown previously [36J that these forms reflect different extents of phosphorylation of the PKR molecule (the amino acid sequence of which predicts a pI of 8.57 for the unmodified protein). When a nuclear extract was analyzed by the same technique a single predominant species of PKR, with a relatively basic pI of around 7.9, was observed (Fig. 7) . This suggests that the presence of PKR in the nucleus either results in or is a consequence of underphosphorylation of the protein kinase, compared to the cytoplasmic forms of the enzyme. Note that the poly- 
FIG. 3. Immunoblotting analysis and quantitation of PKR in subcellular fractions from control and IFN-treated Daudi cells. (A)
Control Daudi cells were grown to a density of 6 X 10 b /ml and cell extracts prepared as described under Materials and Methods. The ex· tracts were fractionated into a nuclear p€llet (N), a 12,OOOg pellet (P12), a l()O,OOOg pellet (PIOO), and a 100,OOOg supernatant (S100). These fractions (each equivalent to 10 7 cells) were analyzed by SDSgel electrophoresis and immunoblotting. Different amounts of purified baculovirus-synthesized PKR were run in parallel. The PKR was detected using the monoclonal antibody against human PKR and p€rox-idase-coupled sheep anti-mouse immunoglobulins. The blot was developed using diaminobenzidine/peroxide reagent. Lanes 1-4, 150, 300, 450, and 600 ng of PKR standard; lanes 5-8, cell fractions as indicated. The position of the 68-kDa PKR band is shown. (B and C) Daudi cells at an initial density of 3 X 10'/ml were incubated in the presence and absence of IFN (100 units/ml) for 16 h and cell extracts were again prepared and fractionated as above. Doubling dilutions of clonal antibodies used in this experiment, which were raised against urea-denatured purified human PKR, in addition to identifying PKR itself cross-reacted with an IFN-induced protein of 48 kDa and a constitutively expressed protein of 80 kDa (see Refs. [32] and (63) and Fig. 6 ). These proteins have isoelectric points that are quite distinct from that of PKR. The absence from the nuclear fraction of the 48-kDa protein, which is predominantlya soluble cytoplasmic protein [63] , indicates lack of cross-contamination of the nuclei with cytoplasmic proteins in the experiment shown in Fig. 7 .
DISCUSSION
This paper has presented evidence from microscopic analysis and biochemical fractionation studies that the human IFN-inducible dsRNA-dependent protein kinase PKR occurs in both the cytoplasm and nucleus (and specifically the nucleolus) of Daudi Burkitt's lymphoma cells and mouse NIH 3T3 cells stably transfected with a plasmid encoding human PKR. Our data confirm and extend an earlier report of nuclear and nucleolar PKR in uninfected and adenovirus-infected He La cells [37] . Even prior to IFN treatment PKR appears to be a relatively abundant protein (approaching 0.1 % of total cellular protein in Daudi cells). The analysis ofPKR levels in nucleus and cytoplasm by immunoblotting, which is consistent with the microscopy data, indicates that approximately 15-20% of the protein kinase is located in the nuclear compartment. In this analysis the risk of cytoplasmic contamination was minimized by treating the nuclei with 0.5% Triton X-100, followed by two washes, before the nuclei were lysed. Lack of soluble cytoplasmic contaminants was confirmed by the absence ofthe crossreactive 48-kDa protein (Fig. 7) , as well as by assays of lactate dehydrogenase activity (data not shown). Although it is possible that some PKR associated with nuclei isolated in this way is bound to ribosomes on the outer membrane of the nuclear envelope the fact that the all samples were applied to a nitrocellulose membrane (Amersham Hybond-C) together with a series of PKR standards and the blot was incubated with monoclonal anti-human PKR, biotinylated goat antimouse IgG, and ['''''I]streptavidin. Following autoradiography to locate the dots the amount of bound radioactivity in each sample was measured in a gamma counter, Background radioactivity was subtracted and the data were plotted on a logarithmic scale against the number of dilutions. level of nuclear PKR did not increase after IFN treatment of Daudi cells, whereas the ribosome-associated PKR levels are elevated by a factor of three-to fourfold (Fig. 3C) , suggests that this pool is not a major source of the PKR identified in the nuclear fraction by immunoblotting. Furthermore, the presence of ditferent isoelectric variants of the protein kinase in the nuclear fraction (Fig. 7) is an indication that these molecules are a discrete subset of the total cell PKR population.
The factors that determine the extent to which PKR localizes to the nucleus and nucleolus remain to be determined. However, the observation of catalytically inactive mutant PKR in the nuclei of transfected cells would suggest that enzymatic activity is not required. It is possible that features in the structure of PKR enable it to enter the nucleus (and more specifically the nucleolus) and there are several potential nuclear (NLS) and nucleolar (NuLS) localization signals [38, 39] in the primary sequence of the protein. Examples of possible sequences that may contribute to a NLS are RKAKR at positions 237-241, KRRGEK (380-385), KRTRSK (444-449), and KKEKTLLQKLLSKKPEDR (509-522). The latter region, although containing some acidic and hydrophobic residues, conforms to the suggestion [40] that NLS sequences can have a bipartite structure, with clusters of basic residues separated by nonbasic amino acids. Potential NuLS sites (containing critical Q residues) are RgKg at positions 18-21, gKKR (110-113), and QRKAKR (236-241). It will be necessary to transfect into cells forms of the protein in which these various regions have been mutated in order to determine the roles, if any, of these sequences in nuclear and nucleolar localization. It is of interest that two other IFN-inducible proteins which apparently share antigenic epitopes with PKR also contain potential NLS sequences [41] . Another interferon-induced protein, encoded by the Ifi 204 gene in mouse cells, localizes to the nucleolus [42] but the molecular basis for this is not known.
PKR is a protein that binds both to ribosomes [4, 26) and to RNA activators and inhibitors [43] [44] [45] [46] [47] [48] [49] . The presence of a nuclear form may therefore result from the existence of an appropriate ligand for the protein kinase within the nucleus. PKR-ribosome association may be responsible for the localization of the kinase in nucleoli [50J, since this organelle is the site of ribosome assemhly and processing, and Jimenez-Garcia et al. [37) have suggested on this basis that PKR may playa role in early ribosome biosynthesis_ An alternative, but not mutually exclusive, explanation for the nuclear localization of PKR is that there may be nuclear RNA species (perhaps with a high content of double-stranded structure) that bind the kinase. One possibility is the interaction between PKR and small nuclear or nucleolar RNAs_ PKR is known to bind small RNA species such as VAl RN A of adenovirus [10, 51J, and EBER-I and EBER-2 of Epstein-Barr virus [52] [53] [54] , but its ability to interact with host cell-encoded small nuclear RNAs such as UI, U2, or V4-U6 [55] or small nucleolar RNAs such as V3, V8, or UI3 [56] has not been tested. Recently the presence in nucleoli of other transcripts such as c-myc RNA has been reported [57] . Such molecules, which may contain regions with extensive secondary structure, could also constitute potential ligands for PKR. It is of interest in this connection that other RNA-binding proteins such as the viral proteins Rev and Rex have been shown to localize in the nucleolus [58, 59] .
It is not known whether, in the case of the wild-type enzyme, nuclear PKR is enzymatically active or, conversely, whether its activation is blocked (for example by binding to a small inhibitory RNA) . The relatively basic nature of nuclear PKR (Fig. 7) suggests that the enzyme exists in nuclei in an underphosphorylated 3), or a neomycin resistance gene alone (clone nolO) were grown as described previously [32] _ Conftuentcells were scraped and tolal cell extracts or subcellular fractions prepared as described under Materials and Methods. Each sample (corresponding to material from 2 X 10 6 cells) was then analyzed for human PKR by 8D8-gel electrophoresis and immunoblotting using murine polyc)onal antibodies against this protein. (A and B) The result.s oftwo different experiments. T, total cell extracts; 812, 12,000g supernatant fraction: Sloo, 100,ooOg supernatant fraction; 1'100, lOO,OOOg pellet; N, nuclear fraction. (Note that the PKR contents of the total cell extracts cannot be directly compared with those of the subcellular fractions since different buffers were used for sample preparation; extraction of PKR is more efficient in the case of the total eel I extracts.) The posit.ions of molecular mass markers (sizes in kilodaltons) and of the PKR band (labeled p68 kinase) are indicated.
state, implying that it has not undergone dsRNA-dependent autophosphorylation. This would be consistent with the results with the mutant PKR indicating that protein kinase activity, and thus autophosphorylation, is not a prerequisite for nuclear localization per se. However the pI of the nuclear form of PKR is lower than the value predicted by the amino acid sequence of the protein, suggesting that even this PKR is not entirely unphosphorylated. It remains to be determined whether autophosphorylation or phosphorylation by other protein kinases of sites close to NLS or NuLS sequences influences the nuclear localization of PKR. The sites in PKR that undergo autophosphorylation have not yet been identified but there is a cdc2 kinase consensus site (KSPEK) near the C-terminus of the protein, close to the putative bipartite NLS; juxtaposition of such sites has been noted previously in nucleoplasmin and other proteins that are targeted to the nucleus [60] . It is also possible that a high level of a PKR phosphatase activity in the cell nucleus might account for the underphosphorylated state of the enzyme, thus maintaining it in an inactive state.
High-level expression of mutant forms of PKR in 3T3 cells results in transformation of the cells to a tumorigenic phenotype [18, 19] . A possible basis for this is that the mutant enzyme exerts a dominant negative effect on a growth inhibitory activity normally mediated by the endogenous wild-type PKR. If such a mechanism is responsible for the tumorigenic effect in vivo the similar subcellular locations of the endogenous and mutant proteins could mean that they compete for specific dsRNA activators or interact with each other in particular critical sites in the cell. Such sites may be nuclear as well as cytoplasmic.
Total Extract Isoelectric focusing analysis of total cell and nuclear PKR. Total cell and nuclear extracts were prepared from Daudi cells that had been treated with 500 U/ml IFNa for 20 h. Samples corresponding to material from 2 X 10 6 cells were subjected to two-dimen· sional gel electrophoresis and immunoblotting with murine polyclonal antibodies against PKR as described under Materials and Methods. The directions ofthe first (isoelectric focusing) and second (SDS) separations are indicated, together with the range ofthe pH gradient. The arrows mark the positions of the mUltiple PKR species with a pI range of 7-8 in the total cell extract and of the single PKR species (pI ca. 7.9) that predominat.es in the nuclear fraction. The spots with a pI of ca. 6.0 in the upper panel are cross-reacting proteins of 48 and 80 kDa which are recognized by the polyc)onal antibodies used in this experiment [see references [32] and [63] ). The sma)) area of immunoreactive protein below the main I'KR region in the upper panel may be a I'KR breakdown product [4, 52] . Does the nuclear location of a proportion of cellular PKR mean that there are alternative substrates for this protein kinase? Although eIF-2a is likely to be a major target for the ribosome-associated, cytoplasmic form of PKR it is possible that nuclear proteins may also be phosphorylated if the kinase is capable of activation in the cell nucleus. There is good evidence for direct transcriptional induction of a number of genes (including the IFN genes themselves) by dsRNA [23, 24] , and at least some of these effects are blocked by 2-aminopurine, which inhibits PKR activity in vitro [61] . So far there is evidence for the phosphorylation and regulation of only one family of transcription factors by PKR. It has been shown that the p50 form of NF-KB can be activated for DNA binding in vitro by phosphorylation of the regulatory IKBa protein (MAD.3) [62J. Such a process would be expected to take place in the cytoplasm, where inactive NF -KB· IKB complexes are found, rather than the nucleus. Nevertheless, the possibility of direct PKR-mediated nuclear regulation of other transcription factors remains. If the genes that are transcribed under the control of such factors themselves encode critical cell cycle regulatory proteins this may provide a mechanism for the modulation of cell proliferation by PKR and for the disruption of normal growth control in the presence of mutant forms of this protein kinase.
